The Sp1 transcription factor has been defined as glutamine-rich activator. The Nine amino acid TransActivation Domains (9aaTAD) have been identified in numerous transcription activators. Here, we identified the conserved 9aaTAD motif in the Sp1 and in all nine members of SP family with broad natural 9aaTAD variations. We showed by the amino acid substitutions that the glutamine residues are completely dispensable for 9aaTADs function. We described the 9aaTAD domains' origin and evolutionary history. The ancestral Sp2 gene with inactive 9aaTAD has duplicated in early chordates and created new paralogs Sp1, Sp3 and Sp4. We discovered that the accumulation of valines in the 9aaTADs correlated with the domain inactivation. The Sp2 activation domain, whose dormancy have lasted over 100 million years during chordate evolution, enabled later diversification in the Sp1-4 clade, including both repressors and activators. The new paralogs Sp1 and Sp3 activation domains have regained their original activator function by loss of valines in their 9aaTADs.
INTRODUCTION
Our longstanding effort has been to determine the pattern of trans-activating sequences in the eukaryotic activators. Previously, we reported successful identifications of the Nine amino acid TransActivation Domains, 9aaTADs, in a large set of the transcription activators that universally recruit multiple mediators of transcription (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) .
We and others have shown that the activation domains have the competence to activate transcription as small peptides (above 9 to 14 amino acids long) in over 40 activators including Gal4, E2A, MLL and p53 (12) (13) (14) (15) (16) (17) . Although the activation domains have enormous variability, they are universally recognized by transcriptional machinery throughout eukaryotes (18) . Currently, all our tested human 9aaTAD activation domains were shown to be functional in yeast. Therefore we considered universal function of 9aaTAD activation domains in eukaryotes as a further associated property of the 9aaTAD family (12, 14, 18, 19) . In addition to the amino acid pattern and universal function in eukaryotes, the 9aaTAD activation domains are further characterized by tandem hydrophobic clusters separated by a hydrophilic region (12, 14) . The 9aaTAD domains are well balanced with hydrophilic amino acids, which might be either positively or negatively charged. From the structural data for the E2A and MLL activation domains in complex with the KIX domain, we observed that 9aaTAD domains formed short helices whose length varies from 9 to 12 aa (13) . Online 9aaTAD prediction (using a residue position matrix search) is available on www.piskacek.org. The curated 9aaTAD activation domains had been annotated on protein database UniProt (by database search for 9aaTAD).
Earlier, the activation domains have been categorised and their functions were linked to over-represented amino acids (20) . The aspartate activation domains were described as acidic (21) or glutamine-rich (22, 23) or proline-rich activation domains (24, 25) . Accordingly, the Gcn4, Gal4 and p53 activation domains have been designated as acidic activators (26) (27) (28) (29) . The next studies revealed some controversies and
RESULTS
The 9aaTAD activation domains occur in proteins previously used to define acidic, glutamine-rich (Sp1) or proline-rich activator classes. The Gal4 activation domains have been reported as acidic (aspartic acid-rich), the Sp1 activation domain as glutamine-rich, and the NFIC activation domains as proline-rich (21, 25, 41, 44) . However, the importance of the acidic aspartic residues for Gal4 function addressed already by the Johnston group (59) . Similarly for Sp1, the authors have demonstrated a greater importance of hydrophobic amino acids, rather than the overrepresented glutamines (41).
Previously, we have identified the 9aaTAD activation domains in the Gal4 (17) and in p53 acidic activators (14) . In this study, we aimed to determine the 9aaTAD presence in other members of the SP family, where the 9aaTAD position would correspond with the Sp1 region 467-472 that has been shown to be essential for transcriptional activation (41). Using our online 9aaTAD prediction, we obtained two positive prediction hits for Sp2 (using the most stringent pattern and with 83% and 92% match for the 9aaTAD prediction). Most importantly, the latter match (sequence GEVQTVLVQ in the Sp2 region 361-369) corresponds with the glutamine-rich activation domain of Sp1 (region 467-472).
We have then generated LexA constructs, which included the DNA binding domain LexA and only the 9aaTAD from all nine SP activators and tested them for the ability to activate transcription (Figure 1 and 2). The predicted Sp1 activation domain includes glutamines, which are not conserved in Sp5, 6, 7, 8, 9 ( Figure 2) and are not generally conserved in other 9aaTAD domains. Similarly, the acidic activation domain of the Gal4 activator includes acidic aspartic acids, which are not generally conserved in other 9aaTAD domains (12, 14, 17) . In order to prove that the function of the 9aaTADs was not solely dependent on overrepresented aspartates nor on glutamines (which are present in the Gal4 and Sp1 activation domains), we have substituted all Gal4 aspartic residues for glutamines (construct Gal4-Q, non-acidic Gal4 9aaTAD) and all Sp1 glutamines and asparagine for aspartic acid residues (construct Sp1-Ac, acidic Sp1 9aaTAD), and showed their ability to activate transcription (Figure 1) .
By using our online 9aaTAD prediction, we have searched for the 9aaTADs in the proline-rich activation domain of the NFIC / CTF activator (region 388-487). We have identified two overlapping 9aaTAD motifs (sequences DPLK DLVSL and KDLV SLACD with 83% and 92% match for the 9aaTAD prediction) in the NFIC proline-rich region (the pattern for clusters of less stringent repeats was used).
Moreover, we also identified both corresponding 9aaTAD motifs in the very distal orthologs SkoNFI (from Saccoglossus kowalevskii, acorn worm), and cinNFI (from Ciona intestinalis, sea squirt).
Furthermore, in the NF family, prolines are not conserved in any position of the human paralogs (NFA, NFB, NFIC, NFIX), nor in the SkoNFI or cinNFI orthologs, however the 9aaTADs were well conserved in all of them (Figure 1) . We have generated a LexA construct, which included only the 9aaTAD from the NFIC activator, and showed its ability to activate transcription (Figure 1) . The 9aaTAD activation domain in the human SP family. As described above, we have identified the 9aaTAD motif in the human transcription factor Sp2 and consequently, we have aligned all human SP paralogs and found conservation of the 9aaTAD motif in all nine members of the family (Figure   2 ).
The human SP transcription factors share sequence homology in their activation domains and could be divided into two clades (Figure 2) ; i) the Sp1-4 clade with a single tryptophan (single letter code W) in the activation domain (41), excluding the Sp2, whose activation domain lacks tryptophan, and ii) the Sp6-9 clade with two tryptophans in the activation domain, excluding Sp5, the sequence of which differs significantly from other members of Sp6-9 clade.
We have generated LexA constructs h01 -h09, which included only the 9aaTADs from Sp1 to Sp9 proteins, and tested them for the ability to activate transcription (Figure 2) . The members of the SP family were reported to be activators of transcription (52) , with the exception of Sp2, which is a weak activator with little or no capacity for additive or synergistic transactivation (60) (61) (62) (63) (64) (65) (66) , and functions as a repressor (67) . Apart from the h02, h04 and h09, all other constructs h01, h03, h05, h06, h07 and h08 showed strong capacity to activate transcription (Figure 2) . The deactivated 9aaTADs correlated with the accumulation of valines in the Sp2, Sp4 and Sp9 activation domains and follow a V-Q/H amino acid pattern. Similarly, we found an inactive Sp7 activation domain in the spider mite (Tetranychus urticae), where the 9aaTAD deactivation correlated with valine acquisition and followed the V-Q/H amino acid pattern (Suppl. Figure S1 ). We could also identify a 9aaTAD deletion instead of deactivation (Suppl.
Figure S2
). The prime aim of this study was the identification of functional activation domains. Those which were unable to activate transcription under our experimental conditions are also reported, but without further investigation. Nevertheless, the expression of inactive constructs was monitored by Western blotting (Suppl. Figure S3 ). Of note, in this study, we did not test the entire proteins but only the distinct regions predicted to have activation function. For example, the 9aaTAD from human Sp2 failed to activate transcription in our assay. Our result is compliant with previous reports, finding Sp2 a weak activator with little or no capacity for additive or synergistic transactivation (65) . The Sp2 was reported to specifically bind DNA, occupies distal enhancer elements (68) (69) (70) and functions as repressor (67) . Differently, human Sp1 and Sp3 were reported as activators of transcription (71) (72) (73) .
Evolution of the 9aaTAD activation domain in SP proteins began in Sea Sponges about 780mil
years ago. The SP family is a new branch derived from the KLF family. The ancestral SP genes appear in demosponges ~800 million years ago (Mya) (74, 75) . The SP family conservation is remarkably strong, particularly in the region of the DNA binding domains. We have followed the diversification of activation domains in SP family proteins in both vertebrates and invertebrates (Suppl. Figures S4 and   S5 ) and showed diversification in early-branching metazoan clades Sp1-4 (Suppl. Figure S6A ), Sp6-9 (Suppl. Figure S6B) , Sp5 (Suppl. Figure S6C ) and Sp2 (Figure 3 ) in the following paragraphs. We generated LexA constructs for the activation domains of ancestral SP genes, designated as SkoSp2 and SkoSp5 (Saccoglossus kowalevskii); DpuSp2 and DpuSp5 (Daphnia pulex); AdiSp2, AdiSp5 and AdiSp69 (Acropora digitifera); and OcaSp2, OscaSp59 (Oscarella carmela) and tested them for the ability to activate transcription (Figure 2 ) (the designation Sp69 and Sp59 reflects uncertainty of origin).
SkoSp5 and DpuSp5 genes are almost identical to human Sp7, and therefore omitted. We tested and confirmed that most of constructs showed the capacity to activate transcription. The 9aaTAD of the Saccoglossus SkoSp2 (construct w00, with accumulated valines within the 9aaTAD domain) was fully deactivated (Figure 2) .
Conservation of the 9aaTADs in the SP family proteins in vertebrates.
Next, we focused on the evolution of the SP family in vertebrates. As representative examples for SP family evolution in vertebrates, we selected the cartilaginous fish Callorhinchus milii (elephant shark), ray-finned fish Danio rerio (zebrafish), lobe-finned fish Latimeria chalumnae (coelacanth), and bird Gallus gallus (progenitor of the domestic chicken), and compared their 9aaTAD activation domains with the human ones (Suppl. Figure S5 ). Most surprisingly, we have found a remarkably strong family conservation of the 9aaTADs in Sp1, Sp3, Sp4, Sp5, Sp6, Sp7, Sp8 and Sp9, but not in Sp2. Furthermore, the Sp7 gene was missing altogether in Gallus gallus, but not in all birds. The missing Gallus Sp7 was substituted by the Pseudopodoces humilis ortholog in Suppl. Figure S5 . The summary of the bird Sp7 genes, which are missing in some but not all birds, are shown in Suppl. Table 1 .
Throughout evolution, the loss of the Sp7 gene has occurred in several bird clades. Importantly, Sp7 was lost only in some passeriformes. The Sp7-less passeriformes members (crow, flycatcher and finch) could have not been the ancestral for other Sp7-less clades e.g. falconiformes (76) . Therefore, the loss of Sp7 gene was not a single event during the bird evolution, suggesting a genetic selection in the phylogenetic distribution, rather than simple random events.
The SP1-4 clade diversification. The SP1-4 clade found in early-branching metazoans (Suppl. Figure   S6A ) showed the same preference for a single tryptophan in position p3 of the 9aaTAD activation domains as in vertebrates (Suppl. Figures S5) . However, there are also exceptions, with twin tryptophan in arthropods, Strigamia maritima (Leach) which is typical for the SP6-9 clade (Figure 2 ) and a tryptophan-free activation domain in molluscs Biomphalaria glabrata. Thus, the natural occurring 9aaTAD variance has shown that tryptophans, which dominated in the SP family, are not essential for 9aaTAD function. Similar observation was done for the 9aaTAD activation domain in p53 (14) .
The SP6-9 clade diversification. The Sp69 gene (the designation Sp69 reflects uncertainty of origin, Figure S4 ), we predicted that the SP5 clade has emerged already in the earliest metazoans, before the SP6-9 clade (Figure 2) . The DNA binding domain signature in the poriferan Oscarella carmela OcaSp59 (NRCQ-CPNC, designation Sp59 in Oscarella carmela pointed to a common ancestor of the latter Sp5 and Sp6-9 clades) best matches the cnidarian Acropora digitifera AdiSp5 (RRCR-CPNC), the protostome Daphnia pulex DpuSp5 (RRCR-CPNC), the hemichordate Saccoglossus kowalevskii SkoSp5 (RRCR-CPNC) and is conserved up to human hSp5 (RRCR-CPNC). However, it less matches the diverged members of the SP6-9 clade; AdiSp9 (ATCD-CPNC) or hSp6 (TVCR-CPNC), hSp7
(SSCD-CPNC), hSp8 (ATCD-CPNC), and hSp9 (ATCD-CPNC) (Figure 2) . The members of the SP5 clade also showed a preference for two tryptophans in positions p3 and p4 of their activation domains.
The Sp5 and Sp69 genes already largely diverged in already in cnidarian (Acropora digitifera; corals) and formed a separate clades. In protostomes, the SP5 clade shows the largest diversity we have ever observed for the 9aaTAD activation domains (Suppl. Figure S6C) . We have generated constructs for selected members of the SP1-4 (Suppl. Figure S6A The Sp2 evolution. Next, we have generated constructs shown in (Figure 3) for the Sp2 activation domains including the w63 for Amphimedon queenslandica (demosponge, poriferan), constructs w69
for Acropora digitifera (coral, cnidarian), w00 for Saccoglossus kowalevskii (acorn worm, hemichordate), construct w96 for Callorhinchus milii (elephant shark, cartilaginous fish), construct w38
for Danio rerio (zebrafish, ray-finned bony fish), w40 for activation domains that are common for Latimeria chalumnae (coelacanth, lobe-finned bony fish), to American alligator and to gecko (reptiles),
to Gallus gallus and egret (birds), to platypus (monotremates) and to Tasmanian devil, opossum and koala (marsupials), construct w37 for exceptional loon Sp2 activation domain (birds), construct h02 for Sp2 activation domains common to elephants and humans (representing two separate clades of placental mammals: atlantogenates and boreoeutheries) and construct w81 for the exceptional gibbon Sp2 activation domain (primates). Furthermore, we generated constructs w22 for the Sp1 activation domain 9aaTAD of Callorhinchus milii, which is an early diversified Sp2 paralog in the SP1-4 clade.
Interestingly, not all tested Sp2 constructs showed the capacity to activate transcription. There are periods in metazoan evolution (from hemichordates to chondrichthyes and from early placental Figure   S5 ). We have then generated alignments and a simplified phylogenetic tree for Saccoglossus SkoSp2, Rhincodon typus RtySp2 and Callorhinchus milii CmiSp2 (Figures 2) . The close orthologs of SkoSp2 seem to be CmiSp2 and RtySp2, which also correlated with close similarities in their activation domains (Suppl. Figure S4) .
In summary, we conclude that Saccoglossus SkoSp2 is the ancestral gene for the clade SP1-4. In chondrichthyes (cartilaginous fish) after Sp2 gene duplications, Sp1 regained activator function by devalinisation (substitution of valines in the 9aaTAD for other amino acids), which remained during evolution all the way to humans. The Sp2 has regained some activator function later in evolution (in sarcopterygians), but only up to the marsupials, not to the placentals (Figure 3) . In the ray-finned bony fish Danio rerio (actinopterygians, see their low diversification in Suppl. Figure   S7 ) and in the lobe-finned bony fish Latimeria chalumnae (sarcopterygians) we found a common modification of the Sp2 activation domain (loss of valines in positions p1 and p8 by deletions at p1 and p2, and substitutions of p8). While the modifications are absent in the jawed cartilaginous fishes (chondrichthyes), the modifications must be ancestral for all bony fishes (osteichthyes) but not for all jawed fish (gnathostomes) (Figure 5 ). Both Sp2 became re-activated, which correlated with a loss of two out of three valines within their activation domains.
The Sp2 gene duplication in Takifugu and Tetraodon. A fish-specific whole-genome duplication is present in some ray-finned fish lineages (actinopterygians) that branched from the sister lineage, lobefinned fishes (sarcopterygians) about 450 Mya but is not present in terrestrial vertebrates (77) . We have identified duplicated Sp2 genes (designated as Sp2a and Sp2b) in the teleost lineage of the ray-finned fishes takifugu and tetraodon, but not in other teleosts, such as Danio rerio (zebrafish) and Oryzias latipes (japanese medaka), nor in cartilaginous fish Callorhinchus milii (elephant shark), nor in lobefinned fish Latimeria chalumnae (coelacanth), nor in terrestrial vertebrates (reptiles / alligator, birds / chicken, or mammals / opossum, mouse or human) (Suppl. Figure S8) .
Both Sp2 genes duplicated in takifugu and tetraodon lost their exons coding for their activation domains.
These genes (Sp2b genes) were repaired from their intronal DNA, which generated new exons without obvious 9aaTAD activation domains. The origin of the new exons could be well recognized from their ancestral introns (present in takifugu and tetraodon Sp2a genes) (Suppl. Figure S8) . The repairs occurred independently rather than originating from a common ancestor of the tetraodontiformes, because the Sp2a intronal sequences of takifugu and tetraodon lack sequence similarity. The relevant
Sp2 exon replacement could also be found in gibbon, in rock hyrax and in crane Sp2 (Figure 7 and Suppl. Figure S9) .
We have investigated the evolution of the new Sp2 activation domains in detail and found that their intron sequences are reservoirs of activation domains. The introns have full readiness for activation domain repair by presence of i) a copy of exon-intron sequence border, which might promote DNA recombination in a desirable position, ii) a copy of the original 9aaTAD activation domain, which might be used as a backup for random loss of exonal activation domain and iii) repeats resembling the 9aaTAD domains in all three reading frames, which might facilitate de novo formation of another activation domain (the tested construct w35 including activation domain coded by the tetraodon intron, for which we have observed the capacity to activate transcription) (Suppl. Figure S8) .
Although the Sp2a gene in tetraodon has two intronal activation domain back-ups ready to use (Suppl. Figure S8) , these domains were not involved within the Sp2b gene rearrangement. We suspect that these events have been rather conditioned by evolutionary pressure to deactivate duplicated genes and not to use the activation domain from takifugu and tetraodon introns. for activation domain repair of the Sp2 gene, as we have already found in the tetraodon Sp2a intron. We used the human intron sequence for the reconstitution of the ancestral gibbon's gene (Figure 5) .
We have identified the activation domain in the new gibbon exon 4, which has the 9aaTAD pattern and has no valines. We generated the construct w81 for the gibbon's activation domain and tested the capacity to activate transcription. The rescued gibbon's Sp2 gene encodes a new 9aaTAD activation domain, whose transcriptional activation capacity is comparable to the Gal4 activation domain (14) .
Gibbons have therefore recovered a strong activation domain encoded by the Sp2 gene that has not been seen since the cnidarians. The Sp2 activation domains were partially active in marsupials, but completely deactivated in placental mammals, including humans. Because of the new gibbon Sp2 gene with the strong activation domain becoming stable in gibbon population, we suspect that the repair was driven by evolutionary pressure for Sp2 activation function, which might be beneficial if not essential in gibbons.
In the gibbon's case, the intron provides a new activation domain and the encoded protein regained activator function. From above, we found a similar Sp2 gene break and repair in another terrestrial mammal Procavia capensis (rock hyrax), which is a close relative of sirenians and elephants (clade atlantogenates). The Sp2 gene sequence was acquired from the UCSC genomic annotation for rock hyrax Sp2 scaffold_25:102095-130179. In this case, no obvious activation domain was found in their newlygenerated exon. The hyrax Sp2 gene was broken and repaired on the border of exon 3 and exon 4, exactly as in takifugu, tetraodon, crane and gibbon. We conclude that conserved Sp2 gene repairs, on border of the exon 3 and exon 4, are inborn.
The use of intronal activation domains is not limited to the SP family.
Similarly to the Sp2 gene, we have identified intronal 9aaTAD activation domains in the unrelated human SREBP1 gene, which alternatively engaged exon or intron coding for alternative activation domains. The SREBP1 exon 1 includes part of the activation domain 9aaTAD-I, which could be found only in isoforms 1, 2, 4 and 5.
Another alternatively used SREBP1 exon2 includes part of the activation domain 9aaTAD-II, which could only be found in isoforms 3, 4 and 6. In summary, all isoforms of the human SREBP1 include one of the two possible activation domains (Figure 6 ).
KLF homology with the SP family revealed their activation domains. The SP clade is a new branch
derived from the KLF family. We have reviewed similarities between the SP and KLF genes in various metazoans and have found the SP proteins diversified the least from the ancestral KLF proteins in Strongylocentrotus purpuratus (Spu, sea urchin) (Figure 7) . The close similarity of the sea urchin SP and KLF genes enabled us to localise the 9aaTAD activation domains (from the SP and KLF sequence alignment in Figure 7) . Next, by comparison of the sea urchin with the human KLF genes using simple BLAST search and BLAST generated alignments (not shown), we have identified the 9aaTADs in the human KLF-1, 2, 3, 4, 5, 6, 7, 8, 12, 15 and WT1 genes (Wilms tumour protein).
Some of these identified activation domains correspond to previously reported activation domains. The activation domain of the KLF2 was first localised to its short N-terminal region (1-57) (78) . Furthermore, the KLF4 activation domain has been characterised by loss-of-function mutations (EEE93/95/96VVV and DDD99/102/104VVV, in which both amino acid substitutions introduced valines in the KLF4 activation domain) (79) . We have previously (12) identified the 9aaTAD motif in the KLF4 mutated region (9aaTAD position correlation in the SP and KLF families). Next, two activation domains were reported for the KLF1 (80) , which are both also recognized by our 9aaTAD prediction algorithm (with one perfect match ATW DLD LLL) (12) . Interestingly, we have found the 9aaTAD activation domain in Crassostrea gigas, KLF1 ortholog (9aaTAD sequence ELL DYD FIL, gene ID; EKC39171), which closely resembles the first identified 9aaTAD in activator Oaf1 (9aaTAD sequence DLF DYD FLF) (12) . Surprisingly, the 9aaTAD activation domains of KLF3 and KLF8 did not activate transcription, which correlated with their repressor function reported previously (52, (81) (82) (83) (84) . The accumulation of valines has been shown here again to be associated with the 9aaTAD deactivation (Figures 7) . Nevertheless, the accumulation of valines in the KLF5 activation domain (in position p1 and p2 of the 9aaTAD) did not cause the 9aaTAD deactivation, therefore the accumulation of valines by itself is not always sufficient for 9aaTAD deactivation in any of its position.
Similarly to the human KLF6, in which the 9aaTAD domain has accumulated isoleucines, we did not find any capacity to activate transcription for this activation domain. Nevertheless, the evolutionary younger KLF6 orthologs in Latimeria chalumnae (Coelacanth, KLF6 gene ID; H3AK31) and
Branchiostoma floridae (Florida lancelet, KLF6 gene ID; C3ZT77) have not accumulated isoleucines and hence their 9aaTAD activation domains have the capacity to activate transcription (Figures 8) .
DISCUSSION
Previously, we have defined a pattern for the 9aaTAD domains that we use in the algorithm in the online Prediction Tool (www.piskacek.org), which has allowed the identification of the activation domains in numerous transcriptional activators. In this study, we have identified the 9aaTAD domains in the glutamine-rich activator Sp1 and in the proline-rich activator NFIC/CTF. We have demonstrated that the aspartic acid and glutamine residues are interchangeable in the activation domains of the glutaminerich activator Sp1 and in the acidic activator Gal4. Moreover, we have shown that the conservation of glutamines was limited to the SP1-4 clade in vertebrates, but was almost absent in protostomes and in poriferans. Although the SP6-9 clade shares sequence homology with the SP1-4 clade, they also did not accumulate glutamines in their activation domains. Consistently, the proline-rich activation domains of NFIC/CTF activators did not conserve prolines, but rather the 9aaTAD activation domain, through the family. Thus, we united these previously classified acidic, glutamine-rich and proline-rich activators into the 9aaTAD family. Next, we have described correlation of the 9aaTAD deactivation with accumulation of valines (in human Sp2 and KLF3), leucines (in Latimeria and in marsupial Sp2) and isoleucines (in human KLF6). The branched valine or isoleucine amino acids could partially hinder formation of α-helixes and cause their destabilization (85) . Therefore, the accumulation of valines and isoleucines, which do not fully support helix formation, might partially explain the 9aaTAD deactivation. Nevertheless, the accumulation of valines at the end of the KLF5 activation domain (in position p1 and p2 of the 9aaTAD) did not cause the 9aaTAD deactivation, therefore the accumulation of valines itself in any position of the 9aaTAD (especially in position p1 and p2 in the KLF5 or in position p3 in Gcn4 or Gal4), is not always sufficient for the deactivation. Similarly, we have identified the accumulation of valines in the 9aaTAD activation domain in a strong activator Met4, which again did not interfere with the activation function (Met4 Figure S10) . From the limited number of activation domains with accumulated valines, we could not yet elucidate the amino acid pattern, which is necessary for deactivation of the 9aaTAD domain. Importantly, we have observed re-activation of the 9aaTAD activation domains after their devalinisation in the SP family. Similarly to the SP family, de-valinisation of the Gcn4 activation domain by substitution with tryptophans has been reported as a great enhancement of the otherwise weak Gcn4 activation domain (AVVE SFFSS → AVwE SLFSS → Awww wLFwS) (86) . Additionally, we have previously shown a partial de-valinisation of the Gcn4 activation domain by valine substitution for aspartic acid with similar results to increase its function (AVVE SFFSS → DDVE SLFFS → DDVY NYLFD) (14) .
In the gibbon, we found surprising recovery of the damaged Sp2 gene that has reverted into an activator, the very opposite function of the original gene, otherwise found in all other primates. Such dramatic changes in gene regulation in primates were highly unexpected. Nevertheless, the Sp2 genes are stable in gibbon population and might be a part of their accelerated genome evolution (87) . Mouse knock-ins of the gibbon Sp2 gene coding for an activator might clarify if the Sp2 re-activation could be beneficial for other mammals or would have driven gibbon accelerated evolution.
The most intriguing observation in this study has been the preservation of the deactivated Sp2 9aaTAD domains, which lasted over 100 million of years. After the Sp2 gene duplication in primitive fish (jawless and cartilaginous fish), the new paralogs were able to diversify into both activators and repressors and have provided a larger diversification of the SP regulatory system (88) . After the Sp2 gene duplication, the newly born paralog Sp1 has regained its activator function by de-valinisation of the 9aaTAD activation domain. The domain deactivation, rather than simple domain deletion, was obviously an advantage during vertebrate evolution. 
